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ABSTRACT 

It has been reported recently that there are some early-type spiral (Sa-Sab) galaxies 
having evident star-forming regions which concentrate in their own central 1-kpc. In 
such central region, is the mechanism of the star formation distinct from that in disks 
of spiral galaxies? To reveal this, we estimate the star formation efficiency (SFE) in 
this central 1-kpc star-forming region of some early-type spiral galaxies, taking account 
of the condition for this 1-kpc region to be self-gravitating. Using two indicators of 
present star formation rate (Ha and infrared luminosity), we estimate the SFE to be 
a few percents. This is equivalent to the observational SFE in the disks of late-type 
spiral (Sb~) galaxies. This coincidence may support the universality of the mean SFE 
of spiral galaxies reported in the recent studies. That is, we find no evidence of distinct 
mechanism of the star formation in the central 1-kpc region of early-type galaxies. Also, 
we examine the structure of the central star-forming region, and discuss a method for 
estimating the mass of star- forming regions. 
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INTRODUCTION 



When we try to reveal the galaxy evolution along with the theory of star and star-cluster 
formation, it is very important to examine the star formation activity (SFA) of galaxies. The SFA 
has been frequently examined by using the star formation rate (SFR), which is the mass turned 
into stars per unit time. Also, the star formation efficiency (SFE) is an important indicator of the 
SFA. Here, we define the SFE as being the ratio of the stellar mass in a star-forming region to the 
gas mass of a parent cloud. This SFE relates more directly than the SFR to the mechanism of 
turning the interstellar matter into stars. Thus, we focus our attention on the SFE in galaxies. 
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In this paper, we are interested in early-type spiral galaxies (Sa-Sab), since they are reported to 
indicate an interesting property of star formation. The SFA in such galaxies is frequently considered 
to be lower than that in late- type spiral (Sb-) galaxies (e.g., Kennicutt 1998a). However, there 
are some early-type spiral galaxies showing evident star- forming activity (e.g., Keel 1983; Keel et 
al. 1985; Kennicutt et al. 1989; Young et al. 1996; Tomita et al. 1996; Devereux & Hameed 1997; 
Hameed & Devereux 1999). Interestingly, star- forming regions of such early- type spiral galaxies 
concentrate in their own central 1-kpc region (Usui et al. 1998). According to Inoue, Hirashita & 
Kamaya (2000, hereafter IHKOO), the SFR of this central 1-kpc star- forming region is about 2 Mq 
yT~^, that is, the SFR in early-type spirals is comparable to that in late-disks. In order to obtain a 
more precise picture of the SFA in those central regions, we should examine their SFE. Thus, the 
main aim of this paper is to estimate the SFE of the central 1-kpc star-forming region in early-type 
spiral galaxies. 

In order to estimate the SFE of a star-forming region, we must examine both of the stellar 
mass and the gas mass within this region. We will estimate the stellar mass from the Ha luminosity 
by using the formula of the SFR in Kennicutt (1998a) and an appropriate time-scale for the current 
star formation. We also estimate it from the /i? A S'-far- infrared (FIR) luminosity via the formula of 
IHKOO which is reviewed in Appendix A. By the way, when we estimate the mass of molecular gas 
of the sample galaxies, there is no available complete data set for them, unfortunately. Therefore, 
we estimate the gas mass of the central star-forming regions, taking account of the condition for 
these regions to be self-gravitating. This is because if the system were not to be self-gravitating, 
the cite for the star formation could be disturbed by external gravity, so that the star formation 
itself would be terminated. Also, we discuss the structure of the central star-forming region, and 
present a method for estimating the gas mass of star-forming regions. 

We compare the estimated SFE with typical observational SFEs in the disk of late-type spiral 
galaxies. As a result, we will show that the SFE in the central part of early-type spiral galaxies is 
equivalent to that of the late-type disks. This result may support the universality of the mean SFE 
of spiral galaxies reported by Young et al. (1996) and Rownd &; Young (1999). We might need to 
expect an universal mechanism for star formation in spiral galaxies. 

This paper contains the following sections. First, we examine the structure of the central star- 
forming region in early-type spiral galaxies in §2. Then, we estimate the SFE of this region in §3. 
Next, we compare our SFE with other observational ones and discuss the critical surface density 
for self-gravitational contraction to star formation in §4. Conclusions are summarized in the final 
section. 



2. STRUCTURE OF CENTRAL STAR-FORMING REGION 

In this paper, we will discuss the physical condition of the central 1-kpc region of the early- 
type spiral galaxies. Hence, first of all, we review the observational picture of those central regions. 



-3- 



Moreover, in this section, we discuss and examine the structure of the star-forming region within 
the central 1-kpc. A simple structural model for this region is proposed. 

2.1. Observational properties 

Usui et al. (1998) observed Ha and i?-band photometric images (the field of view was 10' x 6') 
of nearby 15 early-type spiral (Sa-Sab) galaxies which show relatively high star formation activity 
(SFA) determined from the ratio of IRAS-FIR luminosity to iJ-band luminosity. Some properties 
of their sample galaxies are tabulated in Table 1. They commented that their observed equivalent 
widths of the Ha emission line agree with those measured by Kennicutt (1983) and Romanishin 
(1990). 

When we consider that Ha emission originates from H II regions where massive stars have 
formed, the half-light radius of Ha emission represents a characteristic radius of the spatial distri- 
bution of star- forming regions. From Table 1, we find that the half-light radii of Ha are about 1 
kpc (col. [7]). In addition, we find from column 8 that the radii of Ha are much smaller than the 
optical radii which are one-half of the optical diameter, D25, in de Vaucouleurs et al. (1991) (RC3). 
Thus, we expect that the star-forming regions in such galaxies distribute in their central ~ 1 kpc 
region and concentrate relatively to their optical stellar light. 

Next, let us look at kinematical properties of the central 1-kpc region in spiral galaxies. Re- 
cently, Sofue et al. (1999) investigated rotation curves of 50 nearby late-type spiral (Sb-Sc) galaxies, 
using position-velocity diagrams composed of both observations of CO and H I lines. This method 
is suited to determine the central rotation curves. According to them, typical spiral galaxies show 
almost flat rotation curves from their central a few hundreds pc to their outer edge. That is, the 
rotation of a typical spiral galaxy is differential in its central 1-kpc region. Rubin et al. (1985) 
examined the rotation curves of early-type spirals via the observation of Ha line. Then they con- 
cluded that the rotation curves of early-type spirals are similar to those of late-type spirals. Thus, 
we regard the rotation of the central 1-kpc star-forming region in early-type spiral galaxies as being 
also differential. 

Let us turn to the subject of the gas content in the central region. According to Young 
&; Scoville (1991), who presented a detailed review of radial gas distribution, the molecular gas 
concentrates in the central several kpc region of spiral galaxies, while the H I gas distributions are 
rather flat throughout their disk. Moreover, the molecular fraction of hydrogen is almost unity in 
the central a few kpc of nearby spiral galaxies (Sofue et al. 1995; Honma et al. 1995). Also, a dense 
molecular disk has been observed in the center of the Galaxy (Sanders et al. 1984). Furthermore, 
a diffuse coronal gas component has been observed at X-ray in many spiral galaxies (e.g.. Read et 
al. 1997). Thus, we can expect that the gas content of the central 1 kpc region is a mixture of the 
two components; one of the components is a dense molecular gas and the other is a diffuse hot gas. 
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2.2. Characteristic Length Scale of a Differentially Rotating Medium 

To make the following discussion clear, as only a first step, we assume that the components 
of interstellar medium (ISM) in the star-forming regions are well mixed enough for us to regard 
these regions as uniform. Hereafter, in this paper, 'uniform medium' or 'homogeneous medium' is 
sometimes used to denote the wcU-mixcd ISM. Also, we assume that these regions rotate differen- 
tially and are established with a global pressure balance of the ISM (Myers 1978). If the mixture 
of some ISM components is well relaxed to equilibrium via pressure, there is a characteristic sound 
speed which is defined as being the root of the ratio of the mean pressure to the mean density of 
the system (e.g., Kamaya & Shchekinov 1998). This definition is possible when the thermal process 
is very active between the two components (e.g., Kamaya 1999). Moreover, we consider that the 
radius of this region is larger than the characteristic scale of its self-gravity, the Jeans length, since 
stars and clouds do form in the regions. Then, we present a formula of the Jeans length for our 
purpose. 

For an infinite and homogeneous gaseous system rotating differentially, Bel & Schatzman (1958) 
and Genkin & Safronov (1975) have examined the self-gravitational instability of the direction 
perpendicular to the rotational axis in a cylindrically symmetric geometry. According to them, the 
dispersion relation of a small perturbation in such a system is expressed by the following, 

^^ = ^IL^-47rGp + K\ (1) 

where p and denote the mean density and the characteristic sound speed of this system, re- 
spectively, and a; and A are the frequency and the wavelength of the perturbations, respectively. 
Moreover, k represents an epicyclic frequency of the rotation of this system and it is defined by 

^ + , (2) 

where is an angular speed of the system and i? is a radius from the rotational axis. If the system 
has a constant rotational speed, ■Urot (i-e. a differential rotation), then, = 2vrot^/R'^. 

When Lo'^ < 0, the system becomes unstable owing to its self-gravity. The minimum wavelength 
that satisfies this condition is called the Jeans length. Therefore, we obtain the Jeans length, Aj, 

s/ATrGp - ^ ^ 

Now, we consider an uniform medium obeying a global pressure balance. The sound speed, c^, 

is expressed by ^ p/ p and the global pressure balance is represented by p/k-Q ~ a (a constant), 
where p is the pressure of this medium, and fee denotes the Boltzmann constant. Thus, equation (3) 
is reduced to 



A 



2 



vra/cB 
G 



(4) 
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Although we find that a is 10^~^ K cm~^ from Myers (1978), we adopt a as 10^ K cm~^ in this 

paper, because the central region seems to have a bit higher pressure than the other regions and 
hot gas component has several 10^^ H atoms cm~^ as its number density and several 10^ K as its 
temperature (e.g.. Read et al. 1997). 



2.3. Required Mean Density for 1-kpc Scale Contraction 

The SFA in the early-type spiral galaxies may be explained by the gravitational contraction 
of the central 1-kpc region. The radius of a star-forming region, rsp, should be more than Aj to 
contract by self-gravity, that is rsF > Aj. Prom equation (4), we determine the following condition 
for its contraction: 

p'^-Ap-B>0, (5) 

where 

Since p > 0, we obtain the solution of inequality (5): 



When rsF ~ 1 kpc (Usui et al. 1998) and Vrot = 200 km s^^ (a typical value for normal size galaxies 
in Sofue et al. 1999), we obtain the following relation, 

^c.2.7xlO-'(-^X«l, (8) 



as far as R < 3 kpc, which is satisfied for the typical central star-forming regions in early-type 
spiral galaxies. Thus, the above condition is reduced to p > ^. 

Consequently, we determine a condition of the density for gravitational contraction on 1-kpc 
scale as a function of the radius, and define a critical density, Pcrit) 

Since the mean density of the central star-forming region in early-type spiral galaxies should be 
more than this critical density and the size of the region is estimated to be about 1 kpc, a minimum 
mean density required for the contraction is 

(p)min = Pcrit(l kpc) ~ 1.0 X lO'^^ [g ^^^-3] ^ ^^q) 

or the corresponding number density is 

60 [H atoms cm"^] , (11) 
when we adopt 200 km s"^ as the rotational speed. 
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2.4. Structural Model of Central Star- Forming Region 

Someone might think that the mean density estimated in the previous subsection is too large 
since the main component of the ISM in the central regions is just the hot gas bound in a deep 
gravitational potential well of these regions. Fortunately, however, as commented in §2.1, there are 
molecTilar clouds in the central regions, although the spatial distribution of the molecular clouds are 
not precisely determined. Hence, we examine if this minimum density of equation (10) or (11) can 
be reproduced easily by the two components of the ISM. For example, when the number density of 
the component of molecular gas is 10^ H atoms cm~^ and that of hot gas is several times 10~^ H 
atoms cm~^, we reproduce the minimum density if we adopt only 0.06 as the volume filling factor 
of molecular gas. This small filling factor of 0.06 never contradicts to the observations of molecular 
clouds in the central regions. 

Here, we examine if the two components are well mixed via a dynamical process before the star 
formation onsets. Fortunately, this is possible, because while the sound crossing time-scale over 1 
kpc is about 10^ years in hot gas, the gravitational time-scale in the minimum density is at most 
about lO"^ years. We want to note here that the overall contraction with the Jean-length is very 
slow (we should never forget this point), since the growth-rate of the mode with Jeans length is 
zero theoretically (in a realistic condition, of course, the zero growth-rate breaks due to the variety 
of disturbances). Thus, the two components can be well mixed when the system begins to contract. 
The effect of the differential motion can also mix the two components, since the rotation time-scale 
is also about 10'' years. To conclude, our estimate in equations (10) and (11) is very reasonable 
since it is possible for the two components to be well mixed. The above estimation of time-scales 
confirms our another assumption that the global pressure balance establishes in this region before 
the star formation onsets, since the molecular clouds are well mixed into the hot gas. 

From the above discussions, we regard that the 1 kpc star-forming regions in the center of 
early-type spiral galaxies are the regions composed of the mixture of the molecular and coronal 
gas components. The treatment as a self-gravitational contraction of the mixture in 1-kpc scale 
becomes suitable when their high mean density with the volume filling factor of the cold gas of 
~ 0.06 is realized. The minimum density for it can be reached and thus the contraction of the 
system may occur, when the mixture suffers the radiative cooling. We comment again on the 
requirement for the system to be self-gravitating. If the self-gravity of the system were to be less 
important, the cite for the star formation could be disturbed very well by the external gravitational 
force. As a result, the star formation would be terminated there. 

3. STAR FORMATION EFFICIENCY 

We estimate the star formation efficiency (SFE) in the central 1-kpc region of early-type spiral 
galaxies showing evident star-forming activity. We define the SFE of a star-forming region as the 
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ratio of the stellar mass newly formed in the region (M*) to its total gas mass (Mgas). That is, 

SFE.^. (12) 

-'"gas 

In the following subsections, we estimate both Mgas (§3.1) and (§3.2), so that we determine the 
SFE (§3.3). 



3.1. Estimation of Gas Mass 

We first consider the gas mass of the star-forming region. Now, we want to examine the SFA of 
the 1-kpc regions. Since the thickness of a typical galactic disk is about 100 pc, we cannot consider 
that such a star-forming region is a sphere. Therefore, the global structure of the star-forming 
regions are assumed to be a disk. 

In order to estimate the gas mass in such disk-like regions, we must consider their thickness. 
We mean here the term of the thickness as that of the direction parallel to the rotational axis. 
When the thickness is denoted by hsF , the gas mass of a star-forming region is given by 



rrsF 

/ 2'KrhsFpdr, (13) 
Jo 



where r means the radius of the star-forming region extended to rsF and p is its mean density. 

Since the star-forming regions are self-gravitating, their thickness is more than the Jeans length. 
In the direction of the thickness, the term of the epicyclic frequency in equation (3) docs not exist. 
Thus, the thickness of the star-forming regions, hsF, should satisfy the following condition: 



where we use again c^^ ~ ak^/ which is obtained under the assumption that the well-mixed ISM 
obeys a global pressure balance (§2.2). 

From inequality (14), we find that the minimum of /isfP depends on only a, that is. 



W>\/=f^. (15) 

If we assume that the global pressure {ak^) does not vary significantly in the central star-forming 
regions, we obtain the condition for the gas mass in such star-forming regions as the following. 



Mgas > TrrsF^^SF/O = 7rrsF^\/ ^^^^ , (16) 
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where rsF is the radius or the size of a star-forming region. When we adopt 10^ K cm ^ as a, we 
obtain the following condition; 

^>1.2xlO«ff^V. (17) 

Therefore, we can estimate the minimum gas mass of the central star-forming regions through 
inequality (17) under the assumption that a global pressure balance is established in this region. 

From the observation of Usui et al. (1998), we adopt 1 kpc as the radius of the central star- 
forming region in early-type spiral galaxies. Therefore, we estimate the characteristic gas mass of 
such regions to be more than 1.2 x \{fMQ. Since it is reported that the mass of molecular gas 
within the central 1.5 kpc of the Galaxy is about 5 x 10^ (Sanders et al. 1984), the estimated 
gas mass may be reasonable. Also, since the central molecular mass for four sample galaxies has 
been reported, we discuss them individually in §3.4. 



3.2. Estimation of Stellar Mass 

3.2.1. From the Ha Luminosity 

The Ha luminosity is the most familiar tracer of young massive stars. Thus, we estimate the 
stellar mass newly born from the Ha luminosity. According to Kennicutt (1998a), the formula to 
estimate the SFR from the Ha luminosity, Lho, is 

=3.05xl0-«:^. (18) 



Moyr-i ■ Lq 

When a typical time-scale of the star formation, tsF, is given and the SFR does not vary significantly 
during this time-scale, the newly born stellar mass, M*, is estimated to be 

M* = SFR X tsF ■ (19) 

In this paper, we consider the time-scale, tsF, to be a luminosity- weighted average lifetime 
of the main-sequence OB stars which are representative of the young population, since we are 
interested in the current star formation rate to obtain the present SFE. Thus, we regard the time- 
scale of the star formation as a typical main-sequence lifetime of OB stars. IHKOO have estimated 
the lifetime to be 3.3 x 10^ yr, adopting their mass-luminosity relation, main-sequence lifetime as 
a function of stellar mass, and Salpeter's IMF. We adopt their value here (i.e., tsF = 3.3 x 10^ 
yr). Moreover, we assume the SFR to be nearly constant during this timescale because it is much 
shorter than the timescale of the galaxy evolution (typically 10^ yr). Therefore, the stellar mass 
expected from the Ha luminosity is 

^ = O.IO:^ . (20) 
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The observed luminosities of Ha + [N II] line of sample galaxies in Usui et al. (1998) are 
tabulated in Table 1. Their averaged luminosity is (3.4ib3) x IO^Lq^. To obtain a reasonable lumi- 
nosity due to only starformation, wc correct it for the contamination of [N II] line and the internal 
extinction (mean Aho ~ 0.8 mag from the private communication with Usui). The corrected Ha 
luminosity is (4.8ib4) x 10^ Lq. Consequently, we estimate the stellar mass to be (4.8ib4) x 10^ M©. 

3.2.2. Prom the Infrared Luminosity 

We can also estimate the stellar mass newly born in galaxies from their infrared (IR) lumi- 
nosity. There are many formulae to estimate it from IR luminosity as, for example, Kennicutt 
(1998b). Unfortunately; his formula can be applied to only starburst galaxies because he adopted 
an assumption that IR luminosity of galaxies is almost equal to their bolomctric one. We call 
this assumption the "starburst approximation." Studies of this kind often adopted this "starburst 
approximation" (otherwise an empirical relation between the luminosities of IR and another wave- 
length is adopted; for example, Buat Sz Xu 1996 used the luminosity ratio of IR to ultraviolet). 
However, this approximation cannot be applied to the galaxies in the sample of Usui et al. (1998). 
Thus, a new theoretical formula to estimate the stellar mass from IR luminosity must be applied to 
this sample. IHKOO have constructed a new algorithm to do so. Their algorithm is reviewed briefly 
in Appendix A. The derived formula is 

M* _ 1.5 X 10-3(1 - rj) Lfir(40 - 120/xm) 
M© ~ 0.4 - 0.2/ + 0.6e 

where / is a fraction of ionizing photons absorbed by hydrogen atoms in H II regions, e denotes an 
efficiency of dust absorption for nonionizing photons, and rj represents a cirrus fraction. Further- 
more, L°^" (8- 1000/7, m) in equation (A3) is converted to IRAS-FIR luminosity, Lfir(40 — 120/im), 
by the factor of 1.4, assuming that the radiation from dust is the modified black body radiation of 
30 K {Ii, oc vB^, where Ii,, u, and are intensity, frequency, and the Plank function, respectively). 

The available data set in Usui et al. (1998) has IRAS-FIR (40-120 /nm) luminosity of 15 early- 
type spiral galaxies, and it is tabulated in Table 1. The FIR luminosity of this sample is about 
(8.0±6) X 10^ Lq. We estimate a characteristic stellar mass newly formed in the central 1-kpc region 
of this sample by using this averaged FIR luminosity. Of course, this FIR luminosity originates 
from the whole galaxy. For the sample of early-type spiral galaxies, however, the SFA in their 
disks seems to be very low. Thus, after we subtract the "cirrus" component, which originates from 
dust distributed diffusely in the interstellar space and unrelated to star-forming regions, from the 
observed FIR luminosity, we assume that the whole of residual FIR luminosity originates in the 
central 1 kpc star-forming region only. 



^Throughout this paper, the numbers after ± mean the typical dispersions of the sample data 



(21) 
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Here, we choose three parameters as the following (see Appendix B): / = 0.26, e = 0.6, 
and r] = 0.5. Since the FIR luminosity of these sample galaxies is (8.0 ib 6) x W^Lq, then, 

= (8.5 ±6) X W^Mq. This is consistent with the stellar mass estimated from the Ha luminosity. 
Thus, we have confirmed the applicability of the formula of IHKOO. 



3.3. Estimation of SFE 

We now estimate a characteristic SFE of the central 1-kpc star forming region in the sample 
galaxies of Usui et al. (1998). We have already estimated that the gas mass is heavier than 
1.2 X 10^ Mq in §3.1 and that the stellar mass from the Ha luminosity is (4.8 ± 4) x lO^M© in the 
previous subsection. Therefore, we obtain 

SFEHa < 0.04 ± 0.03 . (22) 

Moreover, we can estimate the SFE from the FIR luminosity. As seen in §3.2.2, the stellar 
mass determined by the FIR luminosity is (8.5 ± 6) x 10^ M0. Thus, we obtain 

SFEfir < 0.07 ± 0.05 . (23) 

Here, we find a good agreement between the both estimations. However, we should note that the 
way of estimating from the Ha luminosity may be more reliable than that from the FIR. This is 
because the estimation from the FIR luminosity suff'ers more severe uncertainties, for example, the 
"cirrus" fraction and the spatial distribution of the FIR luminosity. 

Anyway, we conclude that the characteristic SFE expected in the central 1-kpc star forming 
regions in the early-type spiral galaxies is at most a few percents, which is comparable to SFEs in 
galactic disks as reviewed in §4.1. 



3.4. Individual SFE of Four Sample Galaxies 

For four of our sample galaxies, the central molecular masses have been reported. In Table 2, 
the observed molecular masses are tabulated. Thus, we can determine directly their central SFE. 

In column (3) of Table 2, we show the radii of the area integrated CO intensity to estimate the 
molecular mass. These CO radii, rco, are more extended than those of their star-forming region, 
^e,Ha in Table 1. Hence, we determine the gas mass of the star forming regions by 

Mga.= f^yMH,. (24) 
Consequently, we obtain the following equation from equations (12), (20), and (24); 

SFE = 0.10 r^V#4^^- (25) 
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As shown in column (5) of Table 2, the determined SFEs are about one percent. We find a 
good agreement between the both SFEs estimated in §3.3 and here. Therefore, our estimation in 
the previous subsection is quite reasonable. 

4. DISCUSSIONS 

In this section, we discuss some implications derived from our results in the previous sections. 
Especially, we are interested in whether our SEE is larger or smaller than other SEEs in various 
conditions of star formation. If our SEE is similar to the mean value, the star formation mechanism, 
which is typically a mode in molecular clouds, may be universal everywhere, except for starburst, 
strongly interacting, and so on. Thus, we shall examine the physical reason why our SEE becomes 
a few percents. For this purpose, we also examine the criterion of the contraction of the parent 
clouds for star formation. 

4.1. Comparison with Other Observational SFEs 

We compare the SEE estimated in §3.3 with other SEEs determined obscrvationally. Myers et 
al. (1986) examined 54 molecular clouds associated with H II regions in the Galactic disk. These 
molecular clouds locates in — 1° < 6 < 1° and 12° < I < 60°. They estimated the molecular mass 
of each cloud from observations of CO line emission, and also estimated the stellar mass in H II 
regions accompanying each cloud from H 110a radio (6 cm) emission line. Their result indicates 
that the averaged SEE is about 0.02. Williams & McKee (1997) also argued that the Galactic 
averaged SEE is about 0.05. Moreover, the SEEs of two giant H II regions (NGC 604 and NGC 
595) in the disk of M33 are reported to be 0.02-0.05 by Wilson &: Matthews (1995). Therefore, we 
find that the SFE expected in the central 1-kpc star-forming region of early-type spiral galaxies is 
very similar to that in the disk of late-type spiral galaxies. 

By the way, we can also define a kind of the SFE of galaxies from the ratio of their luminosity 
of newborn stars to their molecular mass. When we consider that Ha luminosity, Lhq, traces the 
mass of recently formed stars, Lua/Mn.^ is regarded as an indicator of the SFE, where is 
the molecular mass. Young et al. (1996) and Rownd & Young (1999) observed Ha and i?-band 
luminosities of spiral galaxies in the sample of the Five College Radio Astronomy Observatory 
(ECRAO) Extragalactic CO Survey (Young et al. 1995), and examined morphological variations of 
the SFE for their sample by using this ratio. Then, they concluded that there is little variation in 
the mean SFE among the morphologies of the spiral galaxies and it is about 4%. As a result, the 
coincidence between our theoretical SFE in the center of early-type spiral galaxies and observational 
ones in the disk of late-type spiral galaxies may support the universality of the mean SEE against 
the morphological variation of spiral galaxies. This may indicate that the same process such as 
contraction of molecular clouds by their self-gravity dominates the star formation in all spiral 
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galaxies. 



4.2. Criterion of Self-Gravitational Contraction 

Here, we first discuss inequality (15). The left-hand side of it is the thickness, hsF, multiplied 
by the density, p, of star-forming regions. This represents a surface density of these regions. Thus, 
inequality (15) suggests a criterion of the surface density for the self-gravitational contraction on 
the assumption that the medium in these regions is well mixed and obeys the law of global pressure 
balance. 

We rewrite this criterion of the surface density, defining a critical surface density, Scrit! 



hsFP > y ^^^^ = Scrit • (26) 

When wc adopt a = 10^ K cm~^ as the law of the global pressure balance (§2.2), we obtain the 
following value, 

Eent~40 [M0PC-2]. (27) 

It is the most important point that the critical surface density depends on only the global pressure 
represented by a. Once a is given, the gas mass of a star-forming region is reduced to a function of 
its radius through inequality (17). 

By the way, the global pressure balance is a balance among various components of the ISM 
in a steady state. Thus, the ISM evolving dynamically does not always obey this balance. For 
example, the H II regions, located inside the molecular clouds with active star formation, are not 
in an equilibrium state but evolve dynamically. Therefore, it is very interesting to examine more 
precisely how the global pressure balance among the ISM components establishes. Then, we shall 
compare our critical surface density with an alternative one. 

In the 1-kpc star-forming regions, we also consider that the thickness of these regions is more 
than the Jeans length and the density is also more than the critical density in equation (9). Thus, 
we find another critical surface density, S^it' 



where we eliminate Pcrit) using equation (9), and a characteristic sound speed is rewritten by 
(a^/S)^/^ in terms of a velocity dispersion, a, of the ISM mixture. Therefore, we obtain the 
following equation. 



^crit 



^ !^ ^ 6 ( - ( ] (29) 

6G R ~ U.Okms-iJ Ums-iJ \ R J ' ^ ' 
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where we have adopted cr ~ 6 km s~^, according to Kennicutt (1989). This is consistent with the 
critical surface density given in equation (6) of Kennicutt (1989), who derived it from the criterion 
of instabihty for a thin isothermal disk of Toomre (1964). 

We thus find that the estimated Ecrit in equation (27) is nearly equal to in equation (29) 
when we adopt 200 km s~^ as v^ot- Now, we try to find the reason for this coincidence between 
equations (27) and (29). To determine equation (27), we adopt p ~ 10~^^ erg cm~^, then for 
Pcrit ~ 10~^^ g cm~^, we find a characteristic sound speed is an order of km s~^. By the way, it 
seems that a is also an order of km s~^. This can mean that a is decided by the way how ISM is well 
mixed and is in global pressure balance. Thus, our critical surface density of equation (27) coincides 
with equation (29) and with Kennicutt (1989) 's result from the criterion of Toomre (1964), since 
there exists the law of the global pressure balance in the well-mixed ISM. Anyway, our conclusion is 
based on the two physical assumptions; (a) there is a global law of the pressure balance among the 
ISM; (b) the ISM components axe well mixed among each other. The first assumption is established 
via Figure 1 of Myers (1978), and the second one is good as far as the effective crossing time is not 
longer than the contraction time-scale of the starforing disk as discussed in §2.4. 

5. CONCLUSIONS 

We examine the SFE of the central star-forming region in early-type spiral galaxies, and reach 
the following conclusions: 

[1] We estimate the SFE in the central 1-kpc star-forming region of some early-type spiral 
galaxies, taking account of the condition for this 1-kpc region to be self-gravitating. The expected 
SFE is at most a few percents. 

[2] The SFE of four sample galaxies (NGC1022, NGC2782, NGC3504, and NGC7625), whose 
central molecular mass is measured observationally, is estimated to be about one percent. 

[3] The estimated SFE is equivalent to the observational ones in the disk of late-type spiral 
galaxies. This coincidence may support the universality of the mean SFE against the morphological 
variation of the spiral galaxies. 

[4] Assuming a global pressure balance of the ISM, the critical surface density for the self- 
gravitational contraction depends on the adopted pressure balance. As a result, the mass of star- 
forming regions is always estimated via only their size once the pressure balance is given. 

[5] We suggest that the central 1 kpc star-forming region of carly-typc spiral galaxies is com- 
posed of the mixture of the molecular and coronal gas components. The mixture is possible to 
contract in 1 kpc scale via their self-gravity if the mean gas density of the mixture is more than a 
minimum value (e.g., 60 H atoms cm~^ in this paper). 

[6] The formula of IHKOO is reasonable since SFE estimated from far-infrared luminosity is 
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nearly equivalent to that determined from Ha luminosity. 
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A. Newly Formed Stellar Mass Expected from Infrared Luminosity 

We present a formula to estimate the stellar mass newly formed in galaxies from their IR 
luminosity of dust emission. More detailed information can be found in Inoue, Hirashita & Kamaya 
(2000) (hereafter IHKOO) who construct a new algorithm to estimate the SFR from IR luminosity. 
The result of IHKOO is an extension of a theory of IR radiation from a dusty H II region in Petrosian 
et al. (1972). 

Petrosian et al. (1972) derived a formula of IR luminosity of an H II region, adopting the Case 
B approximation, which is an assumption of a large optical depth for every Lyman-emission-line 
photon (Osterbrock 1989), and assuming that all Lyman a photons are absorbed by dust grains in 
the H II region. Subsequently, IHKOO has developed this result of Petrosian et al. (1972), adopting 
the Salpeter's IMF, ip[m) oc m~^'^^ for O.IMq < m < IOOMq, a stellar mass-luminosity relation 
fitted to Table 3.13 of Binney Sz Merrifield (1998) and a function of the luminosity fraction of 
ionizing photons from young massive stars fitted to Table 2 in Panagia (1973). They also assume 
that the luminosity of star-forming regions is dominated by the bolometric luminosities of OB stars 
on the main-sequence. Moreover, observed IR luminosity of galaxies consists of two components: [1] 
the component originating from dust nearby star-forming regions and [2] the component originating 
from dust unrelated to such regions and distributed diffusely in the interstellar space, called the 
cirrus component (e.g., Helou 1986; Lonsdale-Persson &; Helou 1987). Thus, IR luminosity of star- 
forming regions is the luminosity subtracted this cirrus component from observed IR luminosity. 
As a result, they obtain the luminosity of star-forming regions, 

^^^ = 0.4-i.2/ + 0.6e^^^'' ^^^^ 

where / is a fraction of ionizing photons absorbed by hydrogen atoms in H II regions, e denotes an 
efficiency of dust absorption for nonionizing photons and rj represents a cirrus fraction. 

On the other hand, the stellar mass newly formed in star-forming regions expected from their 
luminosity is expressed by 

/•1OOM0 

/ ■mil){m)dm 

Ml. = ^ = 1.1^ 10-3 ^ , (A2) 

im 



/ l{m)^{m)dr 
JsMq 
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where m denotes a stellar mass in solar unit, l{m) means the adopted mass-luminosity relation as 

a function of a stellar mass in solar unit, and the mass range of OB stars is adopted S-IOOM©. 
From equation (Al) and (A2), IHKOO has obtained the stellar mass expected from observed IR 
luminosity as the following formula, 

_ 1.1 X 10-3(1 - T]) Lf^'^iS - lOOOAtm) 
M© ~ 0.4 - 0.2/ + 0.6e ' ^ ^ 

Here, the spectral range of observed IR luminosity is considered to be 8 — 1000/xm as the almost 
whole range of the thermal dust radiation. 

Then, IHKOO estimate a typical time-scale of the star formation which is luminosity-weighted 
average lifetime of the main-sequence OB stars, so that they derive the formula estimating the SFR 
as the following, 

SFR _ M, _ 3.3 X 10-10(1 - r/) LJ'^^(8-1000//m) 



Moyr-i tsF 0.4- 0.2/ + 0.6 e Lq 
where tsF = 3.3 x 10^ yr as the time-scale of the star formation. 



(A4) 



B. Determination of Three Parameters 



Here, we determine values of three parameters in equation (A3). For absorbing fraction by 
neutral hydrogen, /, we adopt 0.26 derived by Petrosian et al. (1972) from an optical depth of 
dust in Orion nebula. The efficiency of dust absorption for nonionizing photons, e, is estimated 
to be 0.6 from the averaged 1000-4000A extinction curve of the Galaxy (Savage & Mathis 1979) 
and the average visual extinction of Usui's sample {Ay = 1 mag from private communication with 
Usui). Here, we should note that when our formula is applied to the individual molecular clouds, 
these parameters may depend on the geometry of clouds. Moreover, we choose 0.5 for the cirrus 
fraction, 7], of Usui's sample, according to Lonsdale-Persson & Helou (1987), who presented a model 
of the cirrus fraction by using the ratio of IRAS 60/Ltm and 100/xm fluxes. Also, we can estimate 
this fraction by applying a proper radiative transfer model for reproducing multi-wavelength data 
of galaxies (e.g., Silva et al. 1998, Efstathiou et al. 2000). However, the fraction of the cirrus 
component remains still uncertain. 
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Table 1. Some Properties of Sample Galaxies of Usui et al. (1998) 



Galaxy 
fl) 


5° 
(2) 


(Ln) 
(3) 


/fin / t^ nn 
J DU/ J iUU 

(4) 


loS Lj^iTt 1 Ln 
■^^o r 1x1/ ^ tS 

(5) 


iv^^ -*-'Jrla:H-[iMiJ 

(Ln) 
(6) 


' e,ricx 

(7) 


r„ Tj„, /roc; 

(8) 


NGC681 


12.50 


9.49 


0.36 


-0.23 


7.16 


2.5 


0.28 


NGC1022 


11.94 


10.08 


0.75 


0.29 


7.12 


0.4 


0.06 


NGC2782 


12.01 


10.26 


0.59 


0.03 


7.84 


1.0 


0.06 


NGC2993 


12.65 


10.22 


0.63 


0.36 


7.91 


0.7 


0.12 


NGC3442 


13.64 


9.16 


0.46 


-0.07 


7.10 


0.7 


0.33 


NGC3504 


11.51 


10.17 


0.65 


0.20 


7.66 


0.6 


0.07 


NGC3611 


12.31 


9.48 


0.61 


-0.15 


7.09 


0.6 


0.09 


NGC3729 


11.91 


9.08 


0.36 


-0.45 


7.15 


1.5 


0.26 


NGC4045 


12.52 


9.88 


0.52 


0.12 


7.13 


2.2 


0.21 


NGC4369 


12.27 


9.32 


0.54 


-0.05 


7.02 


0.5 


0.11 


NGC4384 


13.38 


9.66 


0.44 


-0.04 


7.33 


1.2 


0.18 


NGC5534 


12.68 


9.91 


0.69 


-0.06 


7.73 


1.8 


0.26 


NGC5691 


12.52 


9.55 


0.57 


-0.19 


7.60 


1.2 


0.18 


NGC5915 


11.99 


10.19 


0.67 


0.05 


7.93 


1.5 


0.18 


NGC7625 


12.67 


9.95 


0.52 


0.29 


7.47 


0.9 


0.17 


average 


12.4±1.1 


q q+0.2 


0.6ib0.2 


0.01 ±0.2 


7 c+0.3 
'•^-0.9 


1.2ib0.6 


0.2±0.2 



Note. — Col.(l): Galaxy name. Col. (2): B% from the RC3. Col. (3): logLpiR is calculated usmg 
/eo and /loo from IRAS data in solar units. Col.(4): Ratio of /eo and /loo- Col. (5): log Lpi^i/ Lb is 
calculated using cols. (2) and (3). Col. (6): Observed Ha + [N II] luminosity by Usui et al. (1998). 
Col. (7): Half-light radius of Ha + [N II] emission in kiloparsecs. Col. (8): Ratio of the half-light 
radius of Ha -|- [N II] emission to the optical radius, r25, which is one-half of the optical diameter in 
the RC3. We assume Hq = 75 km s~^ Mpc~^. The standard deviation is also shown in the average 
of each column. 
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Table 2. Individual Properties of Four Sample Galaxies with CO Observation 



Galaxy 




^CO 




SFE 


CO Reference 




(lO^Mo) 


(kpc) 


(IO^Lq) 


(%) 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


NGC1022 


1.5 


1.65 


1.8 


2.0 


Garcia-Barreto et al. (1991) 


NGC2782 


2.5 


1.3 


9.5 


0.6 


Jogcc ct al. (1999) 


NGC3504 


1.8 


0.8 


6.3 


0.6 


Kenney et al. (1993) 


NGC7625 


2.4 


1.75 


4.1 


0.6 


Li et al. (1993) 



Note. — Col.(l): Galaxy name. Col. (2): Molecular mass estimated from CO 
intensity via the CO/H2 conversion, 2.8 x lO^'^ H2 cm~^/K km s~^. Col.(3): Radius 

of the integrated area to estimate molecular mass. Col. (4): Ha luminosity corrected 
for the contamination of [N II] line and extinction. Col. (5): SFE determined by 
equation (25). 



